The resupply of the cryogenic propellants is an enabling technology for space-based orbit transfer vehicles. As part of NASA Lewis's ongoing efforts in microgravity fluid management, thermodynamic analyses and subscale modeling techniques have been developed to support an on-orbit test bed for cryogenic fluid management technologies. Analytlcal results have shown that subscale experimental modeling of liquid resupply can be used to validate analytical models when the appropriate "target" temperature is selected to relate the model to its prototype system. Further analyses have been used to develop a thermodynamic model of the tank chilldown process which is required prior to the no-vent fill operation. These efforts have been incorporated into two FORTRAN programs which have been used to present preliminary analytical results. 
low-gravity fluid management problem. The approach utilizes an initial chllldown of the tank (including vapor-only venting) followed by a no-vent fill. The key to the successful filling of the tank and the efficient usage of the available propellant is the selection of an appropriate tank pressure after completion of the filling operation. The desired tank pressure will be successfully controlled If the tank temperature prior to initiating the fill process is properly selected. This required preflll tank temperature is referred to as the "target" temperature of the chilldown process for the specific tank. A thermodynamic analysis of the no-vent f i l l process can be conducted using the hardware characteristics and the desired fluid conditions subsequent to the tank filling. temperature, and moreover, can directly relate a subscale system to its prototype. Further thermodynamic analyses incorporating selected condensation heat transfer coefficients and system requirements can enable the selection of cryogen mass flow rates and liquid injection techniques for the CFMFE.
The analysis yields a logical prediction of the required "target"
As previously mentioned, the first process in the tlthermodynamicll filling technique is tank chilldown. The approach utilizes the cyclic Vharge-holdvent" method to remove the thermal energy stored in the tank wall in stages. This approach to on-orbit filling of cryogenic tankage maximizes the cooling potential of the Injected liquid cryogen by allowing the resultant vapor to superheat to near the tank wall temperature. This method, however, can be significantly improved by cyclically venting the vapor in stages, making available an even greater heat-sink capacity. A thermodynamic model reveals that a potential 23 percent savings in the propellant required for the chilldown of a tank can be achieved by cyclic venting.
As a part of these efforts, two FORTRAN codes were developed: one to They also select scaled l'target8l temperatures and the other to enable a quick but accurate prediction of the cryogen requirements for tank chilldown. serve as useful tools for the parametric evaluation of such key characteristlcs of the tank hardware as the size, mass-to-volume ratio, maximum operating pressure, and with additional subroutines, tank material as well. uments both the no-vent fill and chilldown analyses developed to support the CFMFE design effort and presents some of the preliminary analytical results.
This paper doc-

BACKGROUND
For approximately 25 years, the goal of the NASA Lewis efforts in reducedgravity fluid management research and development has been the generation of technology that will enable the design of efficient systems for managing fluids in the space environment (ref. 3 In addition,
THERMODYNAMIC ANALYSES
No-Vent Fill Description
The initial conditions of the receiver tank for a no-vent fill are totally evacuated, all vents closed, and the walls at a specified Yarget" temperature, that is the final chilldown temperature. This "target" temperature will be somewhat above the temperature of the incoming propellant, because as the following analysis will show, a total tank chilldown Is unnecessary so long as there is some subcooling of the injected fluid and the final fill level is less than 100 percent. Examination of the thermodynamics of the receiver tank during a no-vent fill liquid transfer process can be considered In three phases. The first phase, starting at the beginning of the transfer, Involves vaporization of the incoming liquid. or flash, at the nozzle exit. Thls ut11 continue as long as the pressure In the tank is lower than the vapor pressure of the incoming liquid.
there will be some residual thermal energy in the tank hardware, any liquid that does not flash will vaporize due to heat transfer with the wall and the accumulating vapor. This will continue until all of the thermal energy has been removed from the wall. 
Part of the
h e r t r a n s f e r i n t o t h e tank can occur o n l y as condensation o f t h e vapor makes room f o r more l i q u i d .
When Condensation o f vapor i s t h e most important process i n t h e no-vent f i l l
During t h e h i g h l y t r a n s i e n t no-vent procedure. densation, as w e l l as t h e r a t e a t which condensation occurs, w i l l l i m i t t h e r a t e a t which t h e t r a n s f e r can proceed. f i l l operation, whenever t h e l i q u i d i n t e r f a c e I s a t a temperature t h a t i s below t h e s a t u r a t i o n temperature corresponding t o t h e tank pressure, vapor w i l l condense a t t h e i n t e r f a c e . However, t h i s condensation deposlts t h e heat o f condensation i n t o the i n t e r f a c e l a y e r , and q u i c k l y r a i s e s i t s temperature t o t h e s a t u r a t i o n p o i n t . Further condensation i s dependent on t r a n s f e r o f heat from t h e i n t e r f a c e i n t o t h e b u l k of t h e l i q u i d . t r a n s f e r , means f o r promoting m i x i n g should be considered.
The tank w a l l and l i q u i d -v a p o r i n t e r f a c i a l area a v a i l a b l e f o r con-
Consequently, t o enhance t h i s heat Under reduced-gravity c o n d i t i o n s , t h e l i q u i d -v a p o r i n t e r f a c e c o n f i g u r a t i o n i s e s t a b l i s h e d p r i m a r i l y by surface t e n s i o n f o r c e s . However, t h e i n t e r f a c e p o s i t i o n and area w i l l a l s o be i n f l u e n c e d by t h e f l o w o f l i q u i d i n t o t h e tank. The i n t e r f a c e area i s expected t o increase due t o m i x i n g induced generation o f vapor bubbles w i t h i n t h e l i q u i d . The bubbles may n o t completely separate from t h e l i q u i d o r coalesce due t o t h e l a c k o f buoyancy I n t h e reduced-gravity e n v ironment. Consequently, determining t h e e f f e c t i v e n e s s o f m i x i n g methods and t h e r e s u l t i n g p r e d i c t i o n o f condensation r a t e s i s expected t o be more d i f f i c u l t than would be a n t i c i p a t e d f o r e a r t h based experiments.
As t h e q u a n t i t y o f l i q u i d t r a n s f e r r e d increases, t h e volume o f t h e vapor decreases, and as t h e tank approaches a n e a r l y f u l l c o n d i t i o n , t h e t o t a l I n t e rfacial area, regardless o f t h e m i x i n g mode, decreases. Therefore, i t i s poss i b l e t h a t t h e r a t e o f l i q u i d t r a n s f e r w i l l be severely reduced as t h e tank approaches a nearly f i l l e d c o n d i t i o n .
Analysis o f Subscale Tankage
Target temperature p r e d i c t i o n . - Figure 1 i s a schematic drawing o f a r e c e i v e r tank which i s i n i t i a l l y evacuated. The thermodynamic a n a l y s i s I s I n i t l a t e d by formulating t h e equations f o r conservation o f mass and energy.
Assume an i n i t i a l l y evaluated tank. ( i . e . , the heat a d d i t i o n t o t h e receiver tank d u r i n g t h e f i l l i n g process and t h e f i n a l energy content of t h e vapor a r e n e g l i g i b l e . f o r h i g h f i l l l e v e l s . computer model f o r a l l cases.)
This i s g e n e r a l l y t r u e However, the vapor t e r m s have been r e t a i n e d i n t h e Thermodynamic s i m l l a r l t y I s based on thermal e q u q l i b r j u m when, i n f a c t , f i n i t e energy t r a n s p o r t occurs. L i q u i d vapor i n t e r f a c i a l heat and mass t r a n sf e r (Condensation) i s assumed t o be the c o n t r o l l i n g energy t r a n s p o r t phenomenon d u r i n g t h e tank f i l l i n g process. This assumption i s based on a f i l l procedure where t h e i n i t i a l e n t e r i n g l i q u i d vaporizes t o complete tank c o o l i n g and then t h e energy t r a n s f e r t o t h e remaining e n t e r i n g l i q u i d occurs by way o f t h e vapor condensation process.
For t h e condensation process, the change i n energy i s :
Based on a v a i l a b l e data, our experimental c o n f i g u r a t i o n should produce e x p e r lmental r e s u l t s c o n s i s t e n t w i t h : n = 1/4 and m = -1/2 ( r e f . 8 ) .
S u b s t i t u t i n g f o r n and rn and rearranglng y i e l d s :
where F I s o n l y a f u n c t i o n o f f l u l d p r o p e r t i e s .
So we can p r o v i d e thermodynamic s i m l l a r i t y i f :
and e q u a l i t y o f key energy t r a n s p o r t phenomenon I f : ( 9 ) y i e l d s :
S u b s t i t u t i n g the l e f t s i d e o f equation ( ) i n t o equation
Recombining w i t h t h e r i g h t side o f equation ( 5 ) 
and i f we maintain t h e same f i n a l pressure i n both tanks, then
Therefore, equation (13) leads t o t h e d e s i r e f o r :
I f equal mass/volume r a t i o s could be maintained:
e i s reduced, you would r e q u i r e t h i n n e r w a l l s t o m a i n t a i n t h e mass-to-volume r a t i o between the model and p r o t o t y p e tanks, and such f a b r i c a t i o n i s impossible. 
The
The results are presented in figure 2 and sumIf we assume an orbiting cryogenic depot operating at one atmosphere to be our source tank, we can select AP = 5 psi as the design condition. The required tltarget'l temperature for the OTV will be 393 O R (218 K) and the model lltarget" temperature required to maintain the integrity of the modeling should be 157 O R (87 K ) . Note from this analysis that a "target" temperature implies an available subcooling and a final tank percent-filling which will be the same for the model and prototype tankage. Thus we have a logical approach towards the required subscale modeling. transfer operations with two subscaled tanks with different scale factors by relating them to each other in this way.
This approach can be confirmed by on-orbit
Figure 2 also provides other insights into the thermodynamics of the nonvented filling of subscaled tankage. Note that the curve for the model tank is truncated at a pressure difference of 18 psi. This shows that if the initial tank temperature was above 350 O R (194 K) that a nonvented fill to or above 95 percent full would be impossible for this specified tank and set o f conditions. The other significant point of interest is that the lines for the model and prototype tanks converge near the injected liquid saturation temperature, the case for the no-vent fill of llcold" tanks. The fact that this occurs at a pressure difference above zero indicates the necessity for some liquid subcooling due to the work of compression during the fill process.
In a similar manner we can develop requirements for the mass flow rate and time scaling of subscale tankage.
Receiver tank filllncl time. -Substituting equation (6) 
Noting t h a t we can m a i n t a i n AT^)^ = ( A T ) scale f a c t o r y i e l d s :
and r e a r r a n g i n g u t i l l z l n g a l i n e a r L P Using LH2 as the experimental f l u i d :
Thus, i t would take a q u a r t e r o f t h e time t o f i l l a 0.25 scaled model tank compared t o i t s prototype.
Licluld t r a n s f e r r a t e . -The average l i q u i d i n f l o w r a t e I s determined from a mass balance:
For t h e same f i l l l e v e l s :
Combining w i t h equation (19b) y i e l d s :
For LH2 t e s t i n g :
Thus, t h e l l q u i d t r a n s f e r r a t e I n t o a 0.25 scaled model tank would be 6.25 percent of the p r o t o t y p e i n f l o w r a t e . s e l e c t l i q u i d spray nozzle sizes and o t h e r hardware c h a r a c t e r i s t i c s t o m a i n t a i n t h e proper s c a l l n g .
S l m l l a r analyses can be used t o 8
Tank Chi lldown Description
Having developed the theory enabling the prediction of tltargettl temperatures, we can proceed with the discussion of the receiver tank chilldown process. Unless the receiver tank has some residual liquid (in which case we would refer to the transfer operation as a "no-vent refill"), the tank will be relatively warm and thus require a tank chilldown operation prior to filling. In addition to being unnecessary (see section describing the no-vent fill), it would be inefficient to chill the tank all the way to the final propellant temperature due to the thermal properties of typical tank materials, such as aluminum. Chilling the tank to the saturation temperature of the incoming propellant could cause premature liquid accumulation, and llquid would be vented during the vent preceding the no-vent fill. The purpose of the chilldown, then, is to remove enough of the thermal energy stored in the walls and any internal or external hardware (e.g. LADS, support struts, and insulation systems) to allow the tank temperature to be reduced to its temperature.
Receiver tank chllldown must be accomplished in a timely and efficient manner in a microgravity environment. The efficient use of propellants requires that no liquid be vented overboard and that the cooling capacity of the cryogen be fully utilized. tank chilldown is insuring that the tank is not overpressurlzed by the vaporization of the injected liquid. reduced and the mass-to-volume ratio increases.
The primary operational concern during receiver This concern increases as the tank scale is
The Hcharge-hold-ventH chilldown method meets the requirements stated.
The liquid
With the tank vents closed, a small amount of liquid is InJected into the tank through spray nozzles which impart a persisting fluid veloclty. vaporizes in part due to flashing, and eventually, i n total due to heat transfer with its own vapor, which rapidly heats up due to heat absorption from the tank walls. Following the liquid inflow, the resultant vapor is held in the tank to allow adequate time for heat removal from the tank wall and hardware. Venting will begln when significant heat transfer ceases. Venting in stages allows further heat transfer to occur because of the cooling of the remaining vapor due to its isentropic expansion. Venting proceeds until the tank is once again evacuated, and then a new chilldown cycle begins with the next liquid charge.
Tank Chilldown Analysis
Referring once again to figure 1, for an initially evacuated tank we can formulate the equations for conservation of mass and energy during the charge and hold portions of any one chilldown cycle.
Mass balance:
since all o f the inJected liquid will be vaporized. mL,I = mv,f = mI 9 Energy balance: hLtI m I + q + mt J;' Cpt dT = u V I f mI f Where Ti is the tank temperature prior to the liquid injection and Tf is the tank temperature prior to the initiation of venting.
As a first approximation we will assume: q = 0 (27) If the chilldown cycles are done over small temperature ranges, we can approximate the tank energy term as:
where Cpt represents an average value.
Rearranging and solving for the final tank temperature yields:
To insure that the tank is not overpressurized, the allowable liquid Since the vapor will charge for each chilldown cycle must be calculated. always end up well above its saturation temperature, we can apply the ideal gas law without corrections:
Since, in practice, it would be Impractical to wait for the steady-state final condition in which the wall and vapor are in thermal equilibrium, we will assume that the vapor only warms up to 95 
Tank Chilldown
I n i t i a l t a n k t e m p e r a t u r e : 530 R (294 K) 
